Abstract: A three-step method was used to prepare a novel sulfone ether ester diamine. In the first step, reaction of 1,5-dihydroxy naphthalene with 4-nitrobenzoyl chloride afforded 5-hydroxy-1-naphthyl-4-nitrobenzoate (HNNB). By reduction of nitro group, an amino compound named 5-hydroxyl-1-naphthyl-4-aminobenzoate (HNAB) was obtained. Reaction of HNAB (two moles) with bis (4-chlorophenyl) sulfone resulted in preparation of a novel sulfone ether ester diamine (SEED). Polycondensation reactions of the diamine with aromatic and aliphatic diacid chlorides led to preparation of new poly(sulfone ether ester amide)s. Conventional methods were used to characterize the structure of the monomer and polymers. Physical properties of the polymers were also studied. The polyamides were thermally stable and they showed improved solubility in dipolar aprotic solvents.
Introduction
Aromatic polyamides are thermally stable polymers that generally exhibit excellent mechanical strength and stability and outstanding thermal and oxidative stability. Due to the increased performance characteristics demanded on polymers in various fields including the automobile, aerospace, and electronic industries, the use of these aromatic polymers is growing steadily and they are of major commercial and industrial importance [1] .
However, one of the drawbacks to the employment of these polymers is the difficulty in processing due to their insoluble nature in organic solvents in addition to their high melting temperatures or high glass transition temperatures [2] [3] [4] .
Copolycondensation is one way of modifying the polymer properties. Modifying the properties of hydrogen-bonded amide groups in the polyamides by the incorporation of ester units has been reported [5] [6] [7] [8] . On the other hand, aromatic polymers that contain aryl ether or aryl sulfone linkages generally have lower glass transition temperatures, greater chain flexibility and tractability than their corresponding polymers without these groups in the chain [9, 10] .
Polymers containing both aryl ether and aryl sulfone linkages are amorphous, have low glass transition temperatures, and show excellent mechanical properties [11] [12] [13] . The lower glass transition temperatures and improved solubility are attributed to the flexible linkages that provide a polymer chain with a lower energy of internal rotation [14] .
Nowadays, poly(phenylene ether sulfone)s have been developed into commercial products due to their excellent thermo-oxidative stability, mechanical properties, and outstanding hydrolytic stability and recently many papers have been published in this field [15] [16] [17] [18] [19] . Recently we prepared and studied the physical properties of new sulfone-based polyimides and polyamides [20] [21] [22] [23] . The present article deals with the synthesis and characterization of a sulfone ether ester diamine. Novel aromatic poly(sulfone ether ester amide)s were prepared via the reaction of the diamine with aromatic diacid chlorides. Also for comparison and investigation of structure-property relations, semi-aromatic polyamides were also prepared by reaction of the diamine with two aliphatic diacid chlorides.
Results and discussion
Aromatic diamines are valuable building blocks for the preparation of polyamides. To extend the utility of these high performance materials it has been a long desired goal to synthesize diamines, which afford soluble and processable polyamides without sacrificing too much on thermal stability. In this way, a novel sulfone ether ester diamine was designed and prepared in three steps. First, the nucleophilic reaction of 1,5-dihydroxy naphthalene with 4-nitrobenzoyl chloride in the presence of NaOH resulted in preparation of HNNB (Scheme 1). In second step, the nitro group of HNNB was reduced to amino group using hydrazine hydrate and Pd/C (Scheme 2). Thus an amino phenolic compound (HNAB) with built-in ester group was obtained. Last step in the preparation of novel SEED was the nucleophilic aromatic substitution reaction of bis(4-chlorophenyl) sulfone with two moles of HNAB. This reaction was performed in the presence of potassium carbonate (Scheme 3).
Therefore, a specific type of diamine was prepared that contained fully aromatic structure and ester group to increase the thermal stability of the final polyamides. Also the incorporation of sulfone, ether, and bulky naphthyl groups for increasing of the solubility and processability was considered. Characterization of the compounds is shown in Table1 and the 1 H-NMR spectra of HNNB and SEED are shown in Figure  1 and 2, respectively. Polycondensation reaction of SEED with aromatic diacid chlorides (TPC and IPC) resulted in preparation of fully aromatic poly(sulfone ether ester amide)s. Also, for comparison and study of structure-property relations, semi-aromatic poly(sulfone ether ester amide)s were prepared via reaction of SEED with aliphatic diacid chloride including adipoyl chloride (AC) and sebacoyl chloride (SC) (Scheme 4). The polyamides were prepared in the presence of propylene oxide as an acid scavenger. Hydrogen chloride (HCl) produced during the course of reactions were neutralized by reacting with propylene oxide and therefore the polycondensations were proceeded more completely. Polycondensations were performed via low temperature solution condensation due to the fact that high temperature condensation might be lead to transamidation during thermal treatment. In transamidation process, the polymers undergo interchange reactions, involving redistribution of chain segments, at elevated temperature. Investigation of the interchange process in homo polycondensates is not straightforward because its equilibrium value is not usually important [24] .
Structures of the obtained polyamides were confirmed using instrumental techniques. Polymers showed IR characteristic bands for amide group at 3320-3350 and 1648-1657cm -1 . The inherent viscosity of the polymers, as a criterion for the estimation of molecular weight, was measured at a concentration of 0.5 g/dL in NMP at 30 °C. The viscosity of polyamides was in the range of 0.38-0.41g/dL and the weight average molecular weights (M w ) and the polydispersity determined by GPC were collected in Table 2 . According to the obtained data the polymers revealed low-moderate molecular weights. The low yields (about 90%) of the prepared polymers might be related to the relative low conversions and molecular weights of the polymers.
The solubility of the fully aromatic poly(sulfone ether ester amide)s and semiaromatic ones in dipolar aprotic solvents such as NMP, N,N-dimethylacetamide (DMAc), N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO) was about 2.6 g/dL and 3.2 g/dL, respectively. Presence of flexible groups including ether, sulfone, and bulky naphthyl group in the polymer chain were effective factors in improving the solubility of the polyamides. Another important factor was incorporation of aliphatic moieties in the semi-aromatic polyamides.
The thermal behavior of polyamides was studied by DSC. The glass transition temperature of polyamides (T g was taken as the midpoint of the change in slope of the baseline) was found in the range of 176-226 °C. The representative DSC curve is shown in Fig 3 . T g : glass transition temperature T 0 : initial decomposition temperature T 5 : temperature for 5% weight loss T max : Maximum decomposition temperature Char Yield: weight of polymer remained at 600 ºC Thermal stability of the polymers was evaluated by TGA in air at a heating rate of 10 °C/min. The initial decomposition temperatures (T 0 ) were about 256-294 °C and the temperatures for 5% gravimetric loss (T 5 ), which is an important evidence for thermal stability, were in the range of 287-322 °C. Maximum decomposition temperature (T max ) of the polymers that was obtained from the first derivative of TGA versus temperature was in the range of 486-560 °C (Table 3 ). The representative TGA curve was shown in Fig 4 and it was revealed that the polymer had two steps degradation process: the first step (to 350 °C) involved partial thermal decomposition to volatile compounds with formation of a thermally stable residue (charring 70 %), the second step (above 400 °C) involved oxidation of the residue that could be converted to volatiles at much higher temperatures (above 600 °C).
More rigid, more symmetric polyamides, i.e. SEED-TPC, showed highest thermal stability and lowest solubility, whereas more flexible polyamide, SEED-SC, showed lowest thermal stability and highest solubility among the prepared polymers. Factors such as phenylation of backbone increased the thermal stability of the polyamides. In addition, the incorporation of ester groups improved the thermal stability of the final polymers due to the fact that polyarylates are high performance engineering polymers that show good thermal and mechanical properties [25] . According to the obtained data, the properties of these polyamides were comparable with similar polymers reported earlier [26, 27] . They were also more soluble and less thermally stable than the corresponding poly (sulfone ether ester imide)s [20] . For estimation of crystallinity in the prepared polymers, the wide-angle x-ray diffraction in the region of 2θ = 5-70 º at room temperature was performed. According to the obtained data, all the polymers showed low crystallinity (based on the data obtained from the WAXD and calculation of area of the peaks) and therefore, they were almost amorphous (Fig 5) .
Polymer films that were prepared by casting the solution of polymers in DMF and temperature programming heating was not suitable quality due to the presence of void volume and unsmoothness of the surface. However, disks of 12-mm diameter and 2-mm thickness were prepared by pressing polymer powders for about 3 min under 10,000-15,000 psi at about 60-80 ºC. SEED-TPC polymer had a brittle nature that could be attributed to the rigid structure of this polymer. The results of storage modulus in the bending mode (E' value) for the three other polymers were collected in Table 4 .
Tab. 4. Storage modulus (E' value) of the polymers. 
Conclusions
A novel sulfone ether ester diamine (SEED) as a building block for preparation of polyamides was synthesized. Reaction of 1,5-dihydroxy naphthalene with 4-nitrobenzoyl chloride and subsequent reduction of nitro group provided HNAB. Nucleophilic aromatic substitution reaction of this compound with bis(4-chlorophenyl) sulfone resulted in preparation of SEED. Polycondensation reactions of SEED with various diacid chlorides led to preparation of poly(sulfone ether ester amide)s. These polymers showed nice balance of properties including high thermal stability and improved solubility. It was found that the incorporation of sulfone, ether, ester, and bulky groups were important structural modifications for preparation of the polyamides with respect to the polyamides without any other functional groups.
Experimental

Materials
All chemicals were purchased either from Merck or Aldrich Chemical Co. Bis(4-chlorophenyl) sulfone was recrystallized from aqueous ethanol. Terephthaloyl chloride (TPC) and isophthaloyl chloride (IPC) were purified by sublimation. NMethyl-2-pyrrolidone (NMP) and toluene were vacuum distilled over calcium hydride.
Instruments
Infrared measurements were performed on a Bruker-IFS 48 FTIR spectrometer (Ettlingen, Germany). The 1 H-NMR spectra were recorded in DMSO-d 6 solution using a Bruker Avance DPX 250 MHz (GmbH, Germany). The mass spectra were recorded on a Shimadzu GC-MS-QP 1100-EX (Tokyo, Japan). Elemental analyses were performed by a CHN-O-Rapid Heraeus elemental analyzer (Wellesley, MA). Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were recorded in air at a heating rate of 10 °C/min on a Stanton Redcroft STA-780 (London, UK). The dynamic mechanical measurements were recorded on a Polymer Laboratories (Surrey, UK) MK-II Dynamic Mechanical Thermal Analyzer (DMTA) in the bending mode at 1Hz and a heating rate of 5 ºC/min (Surrey, UK). Inherent viscosities were measured by using an Ubbelohde viscometer. Wide angle X-ray diffraction (WAXD) patterns were recorded at room temperature on an X-ray diffractometer (Siemens model D 5000) using Ni-filtered Cu Kα radiation (40 kV, 25 mA) with scanning rate of 3 ˚/min. The weight-average molecular weight (M w ) was determined by gel permeation chromatography (GPC). GPC was performed on a Waters 150-C instrument using Styragel columns and a differential refractometer detector. The molecular weight calibration was carried out using polystyrene standards. Calibration and measurements were made at a flow rate of 1 mL/min, and DMF was used as solvent.
Monomer Synthesis
-Synthesis of 5-Hydroxy-1-naphthyl-4-nitrobenzoate (HNNB) Into a two-necked, round-bottomed flask was placed 12.50 g (0.078 mol) of 1,5-dihydroxy naphthalene and was dissolved in a solution containing 3.30 g of NaOH in 40 mL of H 2 O. The solution temperature was maintained at 0-5 °C using ice-water bath. Then, 11.95 g (0.064 mol) of 4-nitrobenzoyl chloride was dissolved in 112.5 mL of tetrachloroethane and slowly added to the flask at 0-5 °C. The mixture was stirred for 6h at room temperature and then 980 mL of 3N HCl was added to the solution and stirred for 12h. The product was filtered and washed with hot water and methanol. It was dried in a vacuum oven at 60 °C for 12h (Yield 85%).
-Synthesis of 5-Hydroxy-1-napthyl-4-aminobenzoate (HNAB) 3.2 g of HNNB, 0.1g of 10 %Pd-C, and 130 mL of ethanol were introduced into a three-neck flask to which 10 mL of hydrazine monohydrate was added dropwise over a period of 1h at 85 °C. After the complete addition, the reaction was continued at reflux temperature for another 4h. To the suspension, 20 mL of tetrahydrofuran was added to redissolve the precipitated product, and refluxing was continued for 1h. The mixture was filtered to remove the Pd-C and the filtrate was poured into water. The product was filtered off, washed with hot water and dried (Yield 81%).
-Synthesis of Sulfone Ether Ester Diamine (SEED)
Into a 100-mL, three-necked, round-bottomed flask equipped with a Dean-Stark trap, a condenser, a nitrogen inlet tube, a thermometer, an oil bath, and a magnetic stirrer, was placed 0.01 mol of bis(4-chlorophenyl) sulfone, 0.021 mol of HNAB, 25 mL of dry NMP, and 15 mL of dry toluene. Then 0.0315 mol of K 2 CO 3 was added to the mixture and the reaction mixture was heated to 140 °C for 6h with continuous stirring. The generated water was removed from the reaction mixture by azeotropic distillation. The reaction temperature was raised to 165 °C by removing more toluene and kept at that temperature for 21h. Progress of the reaction was monitored by thin layer chromatography. The reaction mixture was cooled and poured into water. Then 100 mL of 3% NaOH was added to the mixture and it was filtered and washed with hot water. The crude mixture was washed repeatedly with a 3% NaOH solution, water, and hot methanol. The product was dried in a vacuum oven (Yield 70%).
Polyamide Synthesis
The synthesis of polyamide typically was carried out as follows: A 100-mL, twonecked, round-bottomed flask equipped with a magnetic stirrer, nitrogen gas inlet tube, and calcium chloride drying tube was charged with 2 mmol of the diamine ) SEED ( and 15 mL of dry NMP. The mixture was stirred at 0 ºC for 0.5h. Then about 1 mL of propylene oxide was added, and after few minutes, 2 mmol of diacid chloride was added and the mixture was stirred at 0 °C for 0.5h. The temperature was raised to room temperature and the solution was stirred for 6h. Polyamide was precipitated by pouring the reaction mixture into a large excess of water. Then it was filtered, washed with hot water and methanol and dried overnight under vacuum at 120 °C (Yields over 85%).
